Abstract-The aim of this work is to provide a Panoptic™ ophthalmoscope with digital data acquisition. In fact, most ophthalmoscopes used in daily clinical practice do not contain the data recording ability. Therefore, the main advantages of a digital ophthalmoscope are, among others, better quality data sharing, the possibility of exam's reassessment and improved medical teaching. Once the challenge was presented by clinical staff working at Coimbra University Hospital, several prototype's technical drawings were idealized in AutoCAD ® 2011 environment at Blueworks, and a number of experiments in optics laboratory at Institute of Biomedical Research in Light and Image (IBILI) were accomplished as well. In the end, the prototype developed contains a camera inside and it fits into the ophthalmoscope. In order to verify its capacity to record retinal images and to detect ocular fundus pathologies, the prototype has been clinically tested and its impact in medical community has been markedly positive.
I. CONTEXT
Certainly, the most well-known optical system is the eye. The eye allows the photons detection by the retina and their conversion to electro-chemical signals in the neurons. The connection between the eye and the brain is made by the optic nerve.
The evaluation of retina and optic nerve is achieved by a medical exam named as ophthalmoscopy, in which is used the ophthalmoscope [1] . The ophthalmoscopy can be performed in three methods: ophthalmoscopy with slit lamp, indirect ophthalmoscopy and direct ophthalmoscopy. Since this project comprehends the ophthalmoscope as the object of study, the selected methods to be approached are the indirect and direct ophthalmoscopy. In direct ophthalmoscopy, the optical device used is the direct ophthalmoscope, while in indirect ophthalmoscopy is the indirect ophthalmoscope [2] . The summary of the leading features related to direct and indirect ophthalmoscope are presented in " Table I ".
The Panoptic ™ ophthalmoscope (11820 model) is a product of Welch Allyn since 2000. This is the main optical device in focus on this project and it is optically classified as a monocular indirect ophthalmoscope (Fig. 1) ; however its providers and manufacturers describe it as a direct ophthalmoscope since the image is erect. In fact, the relay lenses located at the front of 'Practitioner's Eye' reinverts the initially inverted image [3] . Fig.1 . Optical scheme of Panoptic™ ophthalmoscope [4] . In detail, this scheme presents the axial point that is located at the cornea. The beam converges on this point and subsequently it diverges along the retina.
II. GOALS
At present, the majority of ophthalmoscopes used in daily clinical practice have no mechanisms for capturing images or videos during the eye examination. Since the ophthalmoscopes are an extremely important and useful tool for ophthalmologists and neurologists, they have been noticing the need for digital image acquisition.
Thus, the possible solution was to develop a prototype which will fits into the Panoptic™ ophthalmoscope in order to record retinal images or videos. The clinical requirements that the prototype should respect were the following: erect image; magnified image; great usability; and image/video recording while the physician is examining the patient's eye with own's eye.
During the research for digital ophthalmoscopes, two companies from different countries were found -OPTOMED and GrancIInfo -which commercialize a product with a similar idea [5, 6] . Plus, it was also published a patent, in April 2011, that is valid only in the United States of America [7, 8] . This information warrants, in a certain way, the possibility of success of this work since it offers evidence of the potential of this idea.
III. DESCRIPTION
When the challenge was exposed, there was no oficial plan containing all actions to fulfill. In addition, the Welch Allyn 's distributors did not provide any documents or information regarding the optical system of the Panoptic™ ophthalmoscope -for example, the lenses' optic power. Hence, the knowledge associated to possible optical behavior will not be predictable through mathematical procedures. Consequently, the work progress depended soleley on the output obtained in laboratory, during the experimentations' phase. As a result, this project implemented an add-on methodology. Finally, the procedures which describe the work evolution may be resumed in four phases (Fig. 2 ). Briefly, it is important to refer the connection between the first and second phases which is indicated in the scheme through the pair of arrows. In fact, these major stages were developed at the same period. Firstly, because the conclusions of laboratorial tests influenced the prototype technical drawing; and secondly, because new experiments were required in order to confirm if the modified prototype was valid according to the clinical requirements.
Thus, this circle drawing-testing was, unquestionably, the main nucleus of this project that finished when the final prototype drawing was chosen to 3D printing -corresponding to the following project phase.
FIRST DRAWINGS AND FIRST TEST
According to the medical requisites, the physician should observe the patient's eye at the same time as the image sensor -or camera -is capturing the exam. Thus, a part of the light should go on to the doctor's eye, and another part to the sensor. In order to solve this requisite, a beam-splitter (45 degrees type) was considered to be the best option. Since we do not know how the rays which leave the ophthalmoscope behave, a convergent lens would be necessary in way to converge the beam to the sensor. Relatively to its optical power or the focal length, the experimentations should respond to this issue afterwards. For comfort purposes, it was also introduced a window at the observer's side (Fig. 3) . The "Table II" describes briefly the components inside of this prototype. Fig.3 . The first 3D-prototype drawn in AutoCAD ® 2011 software. The window is the yellow component, the lens is illustrated in red colour, the beam-splitter is the pink object and, at the top, it was introduced the camera.
The first test in laboratory was performed in order to assess the camera's image quality. Contrary to what was previously assumed, the sensor must have automatic focusing system and so the camera chosen was considered not valid for this prototype. Thus, another camera was bought in way to solve this question.
SECOND DRAWINGS AND FIRST TEST
The second drawing consists in improving the first one (Fig. 4) , in consequence of the first test results. Relatively to the components inside (Table III) , the camera with autofocus was the new major acquisition. In addition, this prototype presents also two available compartments -one at the patient's position (arrow 1) and other at the physician's location (arrow 2)-in order to introduce at maximum 2 lenses, eventually needed, instead of only one. In case of being necessary another lens to converge the beam to the sensor, there is also another small and discrete section for that. The Panoptic™ ophthalmoscope possesses an external ring of rubber which fits into the device and provides improved comfort to the physician's eye touching the device. By removing this rubber ring, and attach in its place the developed device, it was also created a structure (arrow 3) in the prototype opposite side in order to allow for this rubber ring to be repositioned, and therefore maintain user comfort. The aims of the second test were to evaluate the prototype's measurement and also the performance of the new camera.
Relatively to the new image sensor, no more complications were exposed. Actually, the image presented a great quality and the auto-focusing mechanism improved the results, as expected. However, the prototype's major axis measured almost six centimetres and this detail was responsible for a new possibly problem: at 6 centimetres from ophthalmoscope, is the image focused onto the clinician's eye without loss of magnification and field-of-view?
To response to this question it was necessary to use an improvised tube with the same length of the prototype in question (Fig. 5a) . The answer to the question is absolutely "No". Actually, the field-of-view decreased drastically but the image quality was maintained (Fig. 5b) .
Thus, the possible solutions were testing the best lenses to use since they were already predicted in the technical drawing, although not dimensioned; or adding a commercially available eyepiece in order to increase the field-of-view.
The first option was rejected because it was almost impossible to discover the best length distance without the optical knowledge of the ophthalmoscope, taking into account the time constrains for this project. In addition, it would be indispensable to have a perfect alignment and to not have any kind of movement, and the used experimental setups did not provide such ideal conditions. As a result, the main conclusion was that the absence of information regarding the lenses' optic power, which would be introduced in the prototype, would lead to the invalidation of the second 3D-prototype drawing. Regarding the second option, after testing several eyepieces, using one with 16 times magnification, it was possible to re-establish the field-of-view, as required, however the image appeared inverted (Fig. 7) . Fig.7 . The experimental set-up using the eyepiece (white arrow) at 6 centimetres from Panoptic™. The great field-of-view is re-established; however the image is not erect.
Hereupon, the clinical requirements were not respected, and so the project entered a critical phase.
Therefore, three alternatives to resolve this issue were identified.
The main idea of the first one was to develop an optical system. As the eyepiece reverses the image and provides a great field-of-view, a lens is required in way to reverse the initial erect image. The idea is clearly represented in " Fig. 8 ". The lens' characteristics -focal distance and expectable image quality -were achieved thanks to the optical CAD software: OSLO (Fig. 9) . The second alternative consists in the following condition: if the image registered by the sensor is erect, then it's not critical if the image observed by the physician is inverted.
The last alternative presents a prototype constituted by just one component: the image sensor. The exam viewing (image or video) is performed merely by observing the monitor. In case of not needing image or video acquisition, the physician may remove or raise the prototype, since it possesses a hinge at the top.
Before choosing the better solution, it was necessary to analyse and classify the most important characteristics that the prototype should have. The " Fig. 10 " presents the classification for each alternative. The trade-off between these requirements was analysed in by the whole Project Team, resulting in a consensus towards option number 3.
IV. IMPLEMENTATION
After redesigning the prototype, the final result is presented in "Fig. 11".   Fig.11 . The third 3-D prototype technical drawing. Smaller, cheaper and more versatile are only some of the advantages. If the clinician wants to observe the patient's eye, he just has to rise up the sensor, which has a rotation axis (arrow points to the hinge) of 180 degrees. If he wants to record images/video, the sensor must be as the representation shows.
Before the technical drawing is printed at the factory, it was necessary to redesign the third prototype in order to decrease the distance between the sensor and the ophthalmoscope. Such is notorious by observing the lateral view of the drawing (Fig. 12)   Fig.12 . The prototype to 3D-printing. In this drawing, the hinge is not present because it is an accessory and the factory only receives the pieces that are really to print.
The 3D -printing process lasted almost one week, and when the physic prototype arrived from the factory, the hinge chosen was no longer available in stock. This new problem was resolved through buying two smaller hinges, instead of one ( Fig. 13 and 14) . The following phase consists in the prototype clinical tests. During the clinical practice, the main point to refer is: when the sensor was raised, it hit in the forehead's doctor. Consequently, the hinges had to be removed and small magnets were introduced in order to join the sensor's piece with the double semi-circular pieces which contacts directly to the ophthalmoscope. In this way, removing the sensor is much easier and faster (Fig. 15) . 
V. RESULTS
After the 3D-printing, the physic prototype had to be tested clinically at Neurology Service of Coimbra Hospital University. Presently, the initial feedback has been positive. Solely one month was enough to demonstrate the effective potential of the development of the referred idea. In fact, many retinal fundus were recorded, several patients being oriented afterwards.
In this paper, only three of these will be addressed. The mentioned medical cases represent pathological conditions which are identified and documented with the respective image. As a video format, it was also recorded a clinical case of torsional pendular nystagmus, in a case of subtle oculopalatal tremor and progressive ataxia. The video in this case being truly important, since it has captured a clinical sign (pendular nystagmus) sign, which would be otherwise very difficult to notice by naked eye only. Fig.16 . Right optic neuropathy. This patient has a history of surgery to lowgrade glioma and was submitted to radiotherapy. Comparing these two images, the optic disc of right eye is whiter and ipsilateral arteriolar narrowing is more evident, representing a right post-radiotherapy optic neuropathy. Among several ideas, one is to improve the image quality. This possibility may be pursued by chosing a better image sensor. Consequently, a new prototype should be constructed according to the sensor's measurements.
The images and videos recorded have been saved with the purpose of being shared afterwards. Thus, it has been developed a layer of software in order to integrate these information into the existent data base at Ophthalmology Service named OphthalSuite. In additon, there is a proposal which consists in creating a friendly-user software, that will allow for quick image acquisition of both eyes ocular fundi, overllapping images side by side Other idea would be standardized this procedure among medical community that uses direct ophthalmoscopy in a daily basis, since the physicians have seen its potential with only one user; several users will even justify more the use of this technique.
VI. CONCLUSIONS
This project is an example of what biomedical engineering can achieve. As a matter of fact, the application of this potential technical solution in the health area was verified with success. Although the initial idea -image acquisition while the physician is examining the eye -was not attained due to the expected high dimensions of the prototype and its difficult usability, the main goal was achieved. Even with the several problems during the experimentation phase, the constructed prototype allows to record video and image in a Panoptic™ ophthalmoscope.
During the first month of the prototype clinical tests, the digital ophthalmoscope has had a great acceptation, since it allows to document in an objective way the ocular fundus, which previously was only observed and textually described. Therefore, a solid idea would be to further divulgate this work in order to, eventually, commercialize this prototype.
Finally, this project has contributed to evidence that both ideas as well as needs should never cease to be communicated between physicians and engineers, because there must always exist enough motivation and initiative to improve and to construct better technology.
